Introduction
The paper deals with the comparative study of the self-ignition of hydrogen and hydrocarbons/hydrogen mixtures jets in co-stream vitiated Mach 2 airflow. Self-ignition in this configuration was studied earlier [1] in the ONERA's LAERTE test facility, designed for the fundamental study of supersonic combustion. The test facility is firstly a 45x45 mm 2 constant section for the distance of 370 mm, and then it diverges slightly until the end of the duct with a half angle of 1.15
• (Figure 1 ). For hypersonic air-breathing propulsion, the choice of hydrocarbons fuels is preferable than pure hydrogen because of their high density (storage facilities). The fuel reforming is expected to be promising in the development of active cooling systems of scramjets. The hydrocarbons/hydrogen mixtures studied here are the surrogate test fuels and simulate the fuel decomposition product content after the thermal cracking of heavy endothermic hydrocarbons. Using optical diagnostic using PLIF visualization of OH radical, the mixing process between fuel and air has been studied and the mixing between air and fuel is considered as a key parameter for self-ignition [2, 3] . It appears from experimental pressure profile and from simple kinetic studies, using PSR and PaSR models, that the self-ignition process is controlled by a competition between the chemical reactions and the fuel/air mixing due to the turbulence of the flow. For a given temperature the ignition delay of hydrogen/hydrocarbons are much larger than those for pure hydrogen. Thus, the role of preliminary premixing rises with increasing hydrocarbons proportion in hydrocarbons/hydrogen mixtures. For pure hydrogen, at the range of static Table 1 : Experimental conditions temperatures of our experiment, the self-ignition is characterized by slow reaction start and low rise of wall pressure due to continuously distributed heat release. This development of pure hydrogen combustion process is in strong contrast with ethylene/hydrogen mixture.
After an important delay, the chemical reactions start suddenly. Those observations lead to a new characterization of the self-ignition process of hydrocarbons/hydrogen mixtures. Indeed, other studies on supersonic combustion have show that combustion models employed by CFD codes are limited in the case of self-ignition in supersonic flows [4, 5] . In those studies the computed ignition starts always earlier than in the experiment. The chemistry is here too fast. To improve the modelization, we propose here a micromixing model that takes into account the interaction of the chemistry and of the mixing due to the turbulence of the flow. This model is implemented into the ONERA's CFD code CEDRE.
Description of the Experiment
The experiment was run at the ONERA's LAERTE supersonic combustion test facility. Vitiated air at high enthalpy is produced in the heater by combustion of hydrogen with premixed air and oxygen; the nominal enthalpy corresponds to Mach 6 flight. The air is accelerated through a mach 2 nozzle before entering the test section. The total temperature of fuel and vitiated air are respectively 300K and 1850K. The methane/hydrogen and ethylene/hydrogen mixtures studied here are the surrogate test fuels. Mixtures are chosen to simulate the fuel decomposition product (after the thermal cracking) of heavy endothermic hydrocarbons. The sustaining of effective burning of that product is one of major problems of using endothermic fuels. For the methane/hydrogen mixture (CH 4 /H 2 ), the investigated fraction of methane is from 27% to 50% in volume, and for the ethylene/hydrogen mixture (C 2 H 4 /H 2 ), the fraction of ethylene is from 26% to 50% in volume.
Operating conditions are summarized in Table 1 : The computer controlled operations allow reproducible and stable supersonic combustion runs of about 15 s duration for coaxial injection. In order to locate the inflammation zone, wall pressure profiles are used. Wall pressure increase due to heat release in the supersonic flow is deduced from 80 pressure transducers connected top pressure taps manages on the lower and upper side of the test facility; their channel are scrutinized at 10 Hz. They are disposed each 10 mm along the first 150 mm of the combustion chamber, then each 15 mm until the end of the constant cross section, and each 30 mm in the divergent part of the duct. The ignition length is taken as the distance between the exit section of the injector and the location where the pressure profile with combustion diverges from the profile corresponding to the non-reacting case. Those ignition distances could be converted in time using the convective velocity of the larger structures in the supersonic mixing layer.
Experimental Results
On Figure 2 , experimental wall pressure profiles for the different studied fuels are plotted: two different modes of combustion are observed.
Let us remember that the characteristic chemical times of hydrocarbons are large in comparison with pure hydrogen. The same tendency is here observed if we compare the ignition delays of pure hydrogen that is shorter than the observed delay for both the hydrogen/ methane and the hydrogen/ethylene mixtures. Indeed, pure hydrogen, methane/hydrogen mixture and ethylene/hydrogen mixture inflame respectively at 17 cm, 21 cm and 37 cm. It also appears that, at a given temperature, the auto-inflammation process is different for pure hydrogen than for hydrocarbons/hydrogen mixtures and more precisely for the ethylene/hydrogen mixture. In this mixture, the mass fraction of ethylene is greater than the hydrogen one, and the combustion starts in the beginning of the diverging part of the combustion. It has been previously studied by Magre and Sabel'nikov [1] . In this case, the combustion is accompanied by a large increase of the wall pressure in the chamber and consequently by a huge heat release due to the start of the combustion whereas in the case of pure hydrogen the combustion starts early, by a very continuous and soft manner. We can explain the mode of intense combustion in the fact that the premixing between air and fuel in the supersonic mixing layer changes dramatically and leads to different auto-inflammation process.
Modelization of the mixing

Perfectly Stirred Reactor model
First of all, the self-ignition delay was estimated using the Perfectly Stirred Reactor model. The combustor is modeled as an opened reactor in which inlet gases are instantaneously well mixed after injection. Mixing between fresh and burnt gases is perfect for all turbulence scales. That is, composition, temperature and density are considered uniform throughout the reactor. In this model, mean values of temperature and concentrations coincide with instantaneous ones. The inlet gas is a premixed air-fuel reactive mixture and different mixtures between hydrogen and hydrocarbons are considered in this study. In the study of the pure H 2 case, Eklund's mechanism is used (9 species and 7 reactions). A detailed chemical kinetic mechanism is used for the air − H 2 − CH 4 combustion with 79 reactions and 21 species [4] . Concerning the air − C 2 H 4 − H 2 mixture, the 10 species, 10 steps mechanism developed for hypersonic vehicle is taken from [6] . The law of mass action gives the instantaneous production rate of species
where M n is the molecular mass of species n, N r the number of reactions involved, k f r and k br are the reaction rates of reaction r, ν ir and ν ir are stoichiometric coefficients, and C i (i = 1, ..., N s ) is the concentration of species i. The last concentration C N s+1 represents third-body species and t i,r the third-body efficiency for reaction r (this term is fixed to unity in our calculations)
For stationary state, the classical balance equations for species, enthalpy and mass conservation are
where Y i and Y 0,i are the reactor and the inflow mass fraction of species i, τ res is the mean residence time, ρ the density, h and h 0 are the reactor and the inflow mass enthalpy, Q is the heat loss rate, V the volume of combustor andṁ the mass flow rate. The mean residence time inside the combustor depends on the mass flow rate, the pressure of gases and the volume of reactor. Results of this approach presented in section 6.1show that one can conclude that preliminary mixing is important to estimate the experimental ignition delay.
Partially Stirred Reactor (PaSR) models
Partially Stirred Reactor (PaSR) models have been developed to take into account finite micromixing times τ m , that is, the presence of scalar fluctuations inside the combustor [7] , [10] . The role played by the ratio between the residence time and the micromixing time and chemical times, is a key parameter to understand the self-ignition process. Fluctuations of temperature and species concentrations have a great influence on the highly non-linear term W i . The two models presented in this section take into account micromixing influence on chemical productions.
Interaction by Exchange with the Mean model
The IEM model introduced by Villermaux [8] is based on a lagrangian point of view and takes into account an age repartition of fluid particles inside the combustor for the micromixing modeling. This model is commonly considered as a reference for PaSR models. Injected fluid particles are mixed with older ones in burnt pockets of gases.Furthermore, mixing between all particles depends on the micromixing time scale τ m . Thus, the instantaneous mass fraction values in reactor Y i (t) for each given residence time τ are determined by
The mean concentration Y i is the integral of Y i weighted by the Probability Density Function (PDF) p(Y i ) which is representative of the species concentrations repartition in the reactor
When the combustion is stationary, an ergodicity assumption is made between the concentration repartition for a given time and the particle age repartition inside combustor
and thus Eqn. 7 yields
The particle age PDF f (t) corresponds to a Poisson distribution : particles are randomly added to the reactor while other ones are randomly removed. This repartition has a characteristic form described by e −t/τres τres . For each instantaneous composition, the corresponding instantaneous temperature is determined from the total enthalpy balance equation. The mean temperature inside the reactor is calculated by integration of all instantaneous temperatures with the ergodicity assumption and a particule repartition following a Poisson distribution.
Vulis model
The Vulis model [7] is a much simpler approach than the IEM model presented in the previous paragraph. In this model, the impact of micro-mixing is taken into account by introducing in the chemical production rates calculation some "virtual" concentration Y v,i (t) different from the mean concentration Y i . The species balance equations are determined for a stationary state with a modified production term from the PSR case.
Furthermore, Vulis has proposed to close the previous equation by defining the virtual mass fractions Y v,i from an additional balance equation based on micromixing time and production rates,
If we define x as the dimensionless ratio between τ res and τ m , the combination of Eqn. 10 and 11 leads to the following relation between "virtual" and mean mass fractions inside the reactor
Consequently, when the micromixing time is negligible compared with the residence time, the virtual fractions tend to the value of mean mass fractions and results for stationary state are the same as in the PSR case. Conversely, when x is small, the virtual fractions Y i (t), tend iteratively to the inflow values, Y i,0 , and production terms are calculated for a composition fixed to Y i,0 .
6 PSR results and Implementation of Vulis micromixing model for CFD applications.
Results of PSR approach and Perspectives
Calculations using PSR approach have been performed to show if one single parameter, the residence time of gases in our case, is sufficient to estimate ignition delay. Mainly two different configurations have been investigated. Following [2] and [3] , two different static temperatures of incoming gases are selected. The first one is 1200K and corresponds to the static temperature of air in the large pockets of the combustion chamber. The second temperature is 1600K (close from stagnattion temperature) corresponds to the static temperature of the air, outgoing from the external bounday layer on the wall of the fuel injector. This air is present in the smaller pockets, made of fuel, burnt gases and air, in the close injector's region. Those two temperature are consequently the limit cases due to flow characteristics. For the three different mixtures studies, the equivalent ratio is chosen to obtain the most reactive mixture. According to Figure 3 , the PSR approach with the two critical static temperatures gives upper and lower limits for ignition delays. Experimentally, ignition point is comprised in the envelope of ignition delay using PSR approach. Nevertheless, it is clear that the use of τ res alone, is not sufficient to compute correctly ignition delays. Preliminary mixing plays important role and to estimate the impact of this premixing on the self-ignition delay, we use PaSR model. Dumand [10] has already performed such a study and has compared IEM and Vulis approach ( Figure 4) . As a conclusion of Dumand's work [10] , Vulis approach, that gives results close from IEM approach, and that is about 100 times cheaper for the CPU is an accurate micromixing model to be implemented in CFD codes.
Vulis implementation in CEDRE
As stated before, the original Vulis model is formulated for stationary state. As we want to perform unsteady simulation with our CFD code, the original Vulis model has to be adapted. We will present here the formulation of a new alternative to original Vulis micromixing model: the Extended Vulis Model (EVM). The formulation on EVM uses a quasi-stationary unsteady approach. The transport equation of species that is solved in code CEDRE has the following form:
In order to implement EVM in code CEDRE, we want to integrate this model using the more accurate manner to respect the actual structure of CEDRE. Virtual fractions of Vulis approach will be deduced from the second equation of species balance of original model:
where Y i is the mean value of mass fraction of species i, actually calculated by the code, and τ m the mixing time. This mixing time can be calculated from the frequency of the mixing in the turbulent mixing layer (the molecular mixing rate). It is defined as
2 , where C S is the constant of Smagorinski subgrid model used for LES calculations. Equation (14) is solved, using Newton balance method, and converge to constant values for both Y v,i and W i . Then, those two "virtual" parameters are transported using a similar equation than equation (13)
The residence time of gases (τ res ) in the reactor, typically a cell for our calculations, is determined by the size of he cell itself. This implementation has been validated from results obtained by Dumand [10] for a air-methane mixture with fuel equivalence ratio of 0.6 and with a x coefficient equal to 0.5 ( Figure 5 ). In this case, the residence time is fixed by the size of the cell and the speed of gases, whereas the mixing time is fixed constant.
7 Numerical simulations
Governing equations for LES
The governing equations for LES are obtained by applying a spatial filter (based on the grid size) to compressible Navier-Stokes equations for the mass, momentum, energy, and species conservation. The use of Favre averaging is common in the study of compressible flow, and is defined f = ρf /ρ, where the over-line stands for volume averaging. The resulting LES filtered equations are:
where ρ, ∇ , v, I, p,τ , ϕ h , E, Y k , J kk are respectively the density, the time, the divergence operator, the velocity, the unit tensor of order 2, the pressure (p is related to density and temperature by the perfect gas state equation), the viscous stress tensor, the heat transfer density, the total energy per unit mass, the chemical species k, and the molecular diffusion flux. E and J kk are defined as (d k diffusion coefficient of species k) :
In filtered equations 17 and 18, the dissipative fluxes τ and ϕ h include subgrid modelization. If D is the strain tensor, D = 1 2 (∇v + ∇v t ), τ and ϕ h are:
In this paper, two subgrid modelizations have been used. The first one used for non reacting cases is Monotonically integrated LES (MILES), where the only subgrid dissipation comes from the numerical scheme of the code. In this case, µ S = 0 and κ S = 0. The second modelization used for reacting cases is the LES approch with Smagorinski subgrid model. For this model,
Smagorinski model constant is taken C s = 0, 09. The turbulent Prandtl number is P r t = 0, 9.
Numerical Simulations
Calculation are performed using ONERA's numerical code named CEDRE (Cedar tree in french). This code, still in development is a multi-physics platform for both industrial and research applications in the fields of propulsion and energetics. The architecture of CEDRE is based on a multi-solver and multi domain approach [11] . Different solvers are considered for each physical system: thermal fields end radiation in solids, gas phase, dispersed phase. All these solvers are implemented in CEDRE architecture/libraries and can be coupled in order to simulate a multi-physics computation. Computations can be performed with generalized unstructured meshes, parallel computing through MPI library and multi-domain technique. The field of application of CEDRE includes jet engines, ramjets, scramjets, rocket motors for launchers and missiles. In our case we will use CEDRE in the scope of complex multi-species, chemically reactive gas flows with kinetic and combustion models applied to experimental LAERTE scramjet engine. The computations for unsteady flows use the fluid solver CHARME. CHARME is the solver that treat both reacting and non reacting gas phase flows.
The governing equations are solved using a finite volumes scheme that is nominally second order explicit Runge-Kutta integration scheme (second order in time and space).. Computations are started from a uniform state corresponding to the main flow of air, with imposed speed, stagnation temperature and stagnation pressure at the inflow boundary. In the entrance of the computational domain, the turbulence rate is taken equal to 5% for both entrance of air and fuel. For the time integration of our system we use Runge-Kutta method with a 0.2 CFL number which allows accurate solution for the LES simulation itself. As the two streams are fully supersonic this type of integration is cost-effective. ATVL numerical fluxes limiter is used. In the code CEDRE, the chemistry is implicitly resolved. We will present here the numerical set-up for 2D LES simulations. The computational domain starts at the injection abscises of fuel in the test facility. Fully supersonic conditions are imposed at the inflow, and a supersonic outflow is used. Impermeable non-slipping wall boundary conditions are used for the top and bottom walls. The computational domain is a 300.000 nodes mesh ( Figure 6 ) generated under GMSH software and has been refined in the wall region and in the region of the mixing layer where the cold fuel jet discharges in the coflow of hot air. In oder to reduce computational and memory cost, the domain is split in 4 different domains (each dedicated to a processor) and MPI library is used for the communication between the 4 processors. All computations have been performed on the ONERA's vectorial computer NEC SX-5. Concerning the characteristic of the duct of the computational duct, skin friction coefficients of the two different parts of the combustor (constant section and variable section) have been considered [3] . The mesh is structured and refinement zones are present in the mixing layer location and in the near wall region. For the non reacting case, we simulate hydrogen-air mixing exactly as done in the experiment. Qualitative picture of H 2 distribution show the expansion rate in the duct (Figure 7 ). Expansion rate of the mixing layer of 5% is in good agreement with Magre's observations during the tests [12] and with other studies [13] , [14] . Mean pressure profile on the wall can be obtained by summing 15 different unsteady profiles. Results are plotted in Figure 8 . CEDRE's results are in good agreement with the experiment and both level of pressure and location of shock waves are well estimated. For reacting cases, LES approach with Smagorinski subgrid model is retained. Chemical scheme used as the same than in section 4.1. First of all, air-hydrogen has been simulated and OH field has been plotted and compared to the experiments. This is important to know if the code is able to compute pockets in combustion because it has been concluded from optical diagnostics and theoretical approaches [2, 3] that those pockets are important to understand the physics of the self-ignition process in supersonic flow. It appears, from qualitative pictures of Figure  9 that we are able with CEDRE to compute such pockets in combustion. Concerning the computed wall pressure, for all reacting cases, mean computed profiles of pressure are obtained by summing 20 independent unsteady wall pressure profiles. It appears that in the case of hydrogen mixture, the pressure profile sticks to the experimental one even if EVM model is not selected (Figure 10 ). Contrary to pure hydrogen, the methane-hydrogen mixture gives very different results if EVM is not or selected (Figure 11 ). Indeed if EVM is not selected the combustion starts at 24 cm which is 9 cm earlier than in the experiment. Nevertheless, pressure levels are in the range of experimental one. With EVM ignition starts at 32 cm. We can explain this fact that without EVM the chemistry is too fast and only the kinetic scheme pilot the self-ignition process. In the case of pure hydrogen EVM addition is not remarkable as hydrogen is highly reactive: the combustion can start early without having a necessary good mixing of components. Contrary to pure hydrogen, hydrocarbons (and in this case methane) are less reactive than hydrogen. Thus, the preliminary mixing between air and fuel plays a more important role in the self-ignition process. EVM is a good approach (based on physical consideration) for self-ignition of supersonic reacting flows because it takes into account the residence time of gases (through the size of the cell), the molecular mixing rate of the turbulent flow and adds a correction to the composition of the mixture. The same tendency is observed with ethylene/hydrogen mixture, but we are not able, at that time to reproduce computationally the huge increase of pressure due to combustion.
Conclusion
A study of self-ignition of supersonic fuel jet in a supersonic air coflow has been performed on supersonic combustion of different hydrogen/hydrocarbons mixtures. The state-of-art in CFD show that it is hard to compute correctly self-ignition in supersonic stream. Indeed, ignition delays are often shorter than in the experiment. From experimental observations and using simple kinetic analyses, based on PSR and PaSR models, the role of residence time of gases in the cell (modelled a an opened reactor) and molecular diffusion rate of species (or the mixing time) has been identified as key parameters to estimate self-ignition delay through CFD simulations. A micromixing model, the Extended Vulis Model which is based on physical considerations has been created, validated and implemented in the ONERA's CFD code CEDRE. Using LES approach with a 2D computational domain of the experimental facility, this model has shown it's ability to computed more precisely supersonic self-ignition. 3D LES simulations of the experimental tests, with the same mixtures than in the 2D study are under progress. b. Figure 11 : Wall pressure profiles for the methane/hydrogen mixture reacting case.
(a.) without EVM, (b.) with EVM
